A new self-aligned robust method for coupling to whispering gallery modes (WGMs) of submicron microspheres utilizes their periodic arrangement without relying on nanopositioned external coupling devices. The microspheres are embedded in a nanostructured gold surface supporting delocalized plasmonic crystal modes that mediate the coupling, and can be tuned by the geometry. Detailed measurements of the angle-and orientation-dependent reflectivity reveal localized plasmonic WGMs whose energies scale with sphere diameter and agree closely with Mie calculations. Coupling between these plasmonic WGMs leads to mode splitting and the formation of plasmonic minibands of a controllable bandwidth. DOI: 10.1103/PhysRevLett.97.137401 PACS numbers: 78.67.Bf, 42.70.Qs, 73.20.Mf, 81.07.ÿb Microspheres form one of the key elements in nanophotonic devices due to the tight confinement and strong enhancement of the optical field. However, coupling into microspheres is difficult due to the weak exponentially decaying evanescent external field, and has been demonstrated only with nanopositioned elements such as prisms [1, 2] , modified optical fiber probes (using tapers [3] , etcheroded [4] or angle-polished [5] fiber tips, half-block fiber couplers), or planar waveguides [6] . These methods require precise nanometer control in the optical near field, placing tight tolerance on alignment and fabrication. Current whispering gallery mode (WGM) research has tended to focus on large dielectric microspheres (from several to hundreds of microns) with high Q factors and which support many closely spaced modes of very narrow linewidth. This mode quasidegeneracy and the large size restricts applications, for instance, in coupling to small numbers of nanoemitters. Additionally, microspheres are frequently supported on flat or grooved substrates, with the outer surface in air or liquid, providing limited scope for control of interactions. Because of the difficulty of matched coupling, most studies collect photoluminescence (PL) from dye-doped spheres in which small numbers of spheres can be resolved although the excitation conditions are not well controlled [7] [8] [9] .
Microspheres form one of the key elements in nanophotonic devices due to the tight confinement and strong enhancement of the optical field. However, coupling into microspheres is difficult due to the weak exponentially decaying evanescent external field, and has been demonstrated only with nanopositioned elements such as prisms [1, 2] , modified optical fiber probes (using tapers [3] , etcheroded [4] or angle-polished [5] fiber tips, half-block fiber couplers), or planar waveguides [6] . These methods require precise nanometer control in the optical near field, placing tight tolerance on alignment and fabrication. Current whispering gallery mode (WGM) research has tended to focus on large dielectric microspheres (from several to hundreds of microns) with high Q factors and which support many closely spaced modes of very narrow linewidth. This mode quasidegeneracy and the large size restricts applications, for instance, in coupling to small numbers of nanoemitters. Additionally, microspheres are frequently supported on flat or grooved substrates, with the outer surface in air or liquid, providing limited scope for control of interactions. Because of the difficulty of matched coupling, most studies collect photoluminescence (PL) from dye-doped spheres in which small numbers of spheres can be resolved although the excitation conditions are not well controlled [7] [8] [9] .
Here we demonstrate for the first time strong WGM resonances in embedded spheres with submicron diameters. Since the sphere dimensions (diameters d 0:4 to 1 m) are comparable to the wavelength of illuminating light we observe the lowest order WGM modes directly. These modes can be observed in reflectivity through the entire visible and IR spectral ranges and are conveniently widely spaced energetically. By using a far-field resonant coupling method only possible for such embedded microspheres in a metal film, we can study the full angular dependence of these modes and observe the mode linewidths and absorption depths directly as the film thickness is varied. The observed localized modes combine aspects of both WGMs and void plasmons [10, 11] as their angular mode index, l, changes and hence are termed plasmonic WGMs below. We clearly resolve the evolution from delocalized surface plasmons (with bands), to individual plasmonic WGM modes (localized), to local plasmon hopping between neighboring microspheres (giving minibands).
The embedded sphere samples are produced via a template self-assembly and electrochemical deposition technique that allows a number of metals (here gold) to be grown conformally around an array of latex spheres (diameter d) [12, 13] . Grading the thickness, t, of encapsulating gold along the cm-scale length of each sample, allows investigation of normalized thicknesses t t=d from flat gold t 0 to complete encapsulation at t 1 by scanning the illuminated spot (Fig. 1) . A supercontinuum white-light laser provides spectral illumination from 480 nm to 2 m and allows high angular resolution from small sample regions. An automated goniometer controls the sample orientation and measures the reflectivity spectrum for incident angles, , from normal incidence 0 to 80 , sample azimuthal orientations, 0 to 360 , and varying thickness t. Spectra are recorded using visible and infrared spectrometers, while polarizing optics are employed to distinguish s-and p-polarized reflected light. Reconstruction of these full experimental dispersion relations is crucial to characterize and identify the modes in such nanostructured films.
Our samples support a rich variety of both localized plasmonic WGM modes and delocalized surface modes, evident in the typical experimental dispersions for spheres of diameter d 600 and 900 nm ( These delocalized modes exhibit a clear sixfold symmetry in azimuthal measurements with (not shown) [11] . The WG 1 and SPP 2 modes have significant field strength within the periodic sphere layer, and hence are more efficiently diffractively coupled than the SPP 1 mode for thicknesses t < 0:5. We note that the planar waveguide mode WG 1 formed by the chains of touching spheres has been previously termed a ''nanojet'' mode in 1D propagation [14] .
As the thickness of gold is increased from t 0, the area of surface available to the SPP 1 mode is reduced and it temporarily disappears from the data around t 0:5, reappearing only around t 1. Similarly, the WG 1 mode becomes occluded when the gold reaches half the sphere height and is no longer directly coupled. In contrast, the second-order SPP 2 mode which originates at the gold surface breaks apart into discrete nondispersive modes by t 0:5, seen in both s and p polarizations [Figs. 2(c), 2(d), 2(g), and 2(h)]. The energies of these discrete modes which are independent of match well with calculations of the plasmonic WGMs inside microspheres of refractive index n 1:6 embedded inside gold (also shown in Fig. 2 ). Together with the independence of the mode energy (clearest in s polarizations) seen for thicknesses 0:4 < t < 1, this behavior confirms the localized nature of these modes inside the spheres.
The mode assignment is further supported by extracting the dominant mode energies for a range of samples with nominal sphere diameters from d 0:6 to 1 m at t > 0:5 which all show similar features (Fig. 3) . As discussed below, modes absorb strongly at different angles, hence individual spectra show particular patterns of peaks [ Fig. 3(a) ] [15] . The extracted modes are compared to theoretical mode calculations, E l d, in the perfect spherical void, calculated by matching boundary conditions at the void rim using the full frequency-dependent dielectric constant for gold [10] . Evidence is seen for mixing between near-degenerate TE and TM solutions, produced by the complex 3D hemispherical surface geometry. However, the simple theory reproduces well the observed trends and mode spacings with d and l.
These plasmonic WGMs bridge the space between traditional WGMs, Fabry-Perot modes, and localized void plasmons. Each mode is classified by integral indices n, l, m which are the radial, angular and azimuthal mode numbers, respectively. In the perfect spherical void the mode energy is independent of m, while the modes with n > 1 occur at high energy and do not clearly appear in the data. However, due to their different boundary conditions, the modes with TE and TM polarization have different energies. As d ! 1, the TM large-l solutions tend to the conventional SPPs on flat gold, while the TE modes resemble the Fabry-Perot modes of spherical microcavities with field nodes at the metal surfaces (and thus they disappear on the flat surface). The TM mode intensity distributions [Figs. 3(c) and 3(e)] resemble those of the spherical angular harmonics, Y lÿ1;m ; , increasingly bound closer to the metal walls at higher l [16] . While this simple treatment ignores the influence of the varying gold height encapsulation as well as the interaction with neighboring spheres, it provides the appropriate basis states to understand the system.
FIG. 1 (color online). (a)
We now discuss the mechanism of efficient coupling between plane wave incident light and these plasmonic WGMs for t > 0:4. We concentrate on s-polarized absorption on thick samples which highlights the uncoupled WGMs, since for p polarizations the neighboring WGMs can couple through the intervening metal surface which supports SPPs. Clues to the coupling mechanism are given by the angle dependence of the discrete WGMs [Figs. 2(d) and 2(h)] which shows that the optimal incident angle varies systematically depending on the mode energy. This provides strong evidence that coupling proceeds by diffractive coupling to the SPP 2 mode which is already localized inside the dielectric spheres and effectively mixed with the plasmonic WGM [ Fig. 1(d)] . Essentially, the dispersion is a convolution of the discrete Mie energies of Figs. 2(d) and 2(h) , with the surface-mediating plasmons SPP 2 of Figs. 2(a) and 2(e) , marked as the solid points. The limiting condition for diffractive coupling (at 90 ) is given by [ Fig. 3(b) , solid line]:
which is satisfied even for l 1, for all sphere sizes. Such diffractive coupling to low-order WGMs only works because of the surrounding metal which provides the delocalized plasmon. The energy, absorption depth, spectral and angular linewidths are extracted from the measured dispersions for each thickness and diameter, allowing a detailed characterization of the plasmonic WGMs. The broad angular widths ( 5-20 ) observed imply that the delocalized SPPs travel only a few microns before their energy is transferred into the localized WGMs. The linewidth (and hence Q factor) as well as the absorption depth are seen to only weakly depend on the encapsulation t of the spheres. Between 0:6 < t < 0:8 the plasmonic WGM modes are further broadened, which we believe may be associated with their mixing to the triangular metal islands in the interstices between the microspheres [11] . The mode Q factors reach a maximum of 30 for t 0:95 where radiative losses are suppressed by the small aperture. The WGMs attain maximum absorption strengths of up to 98%. While both linewidth and absorption strengths are not fully understood (since no theoretical model is yet capable of modelling such structures), we believe that the linewidths are currently limited by the 2% size inhomogeneity of the spheres, rather than radiative, absorptive, and coupling losses.
As well as observing delocalized plasmon modes (analogous to electronic nearly free electron bands), and localized plasmons (analogous to atomic orbitals), we identify nearest-neighbor coupling between plasmonic WGMs (analogous to tight-binding electronic bands). Coupling between spheres can occur either via the top metal surface or through small circular windows formed between the spheres (due to screening during electrodeposition within the microsphere geometry [16] ). By uniformly coating the samples with an extra 6 nm of sputtered gold, we selectively modify this coupling. Hopping of localized plasmons between WGMs in neighboring spheres can be identified from the formation of minibands in the dispersion. Dielectric microsphere coupling has been identified recently in one dimension [7] from the PL emitted by larger 4 m spheres stacked in a line. While such experiments allow only the discrete states to be observed as a function of the number of spheres in the chain, we are able here to fully map the dispersion using angle-dependent reflectivity, directly revealing the minibands.
Typical coupling data for the plasmon WGMs, shown for thicker films with d 900 nm (Fig. 4) , reveals the complex dispersion in the uncoated spheres resulting from the mixing of the 2l 1 degenerate modes at Fig. 4(e) ]. Although no theory currently exists for such tight-binding calculations in a 2D triangular lattice for confined vectorial fields with different l, the reasonable fit to a 1D linear model suggests that such a development is attainable. The full evolution of these plasmonic WGM modes as the thickness of both film and coating are systematically varied gives some insight into how the coupling proceeds: for t 0:5 or 1, the WGM modes remain rather stable whereas for t 0:75 or 0.25 they display a great sensitivity to t. This suggests that modes with field profiles which overlap with the upper metal surface [e.g., Fig. 3(e) ] are most involved in plasmonic hopping, and also that the metal surfaces are crucial in effecting this interaction. Such behavior shows that interactions between plasmon WGMs can be clearly controlled by the geometry of nanostructured sphere samples.
In summary, we demonstrate self-aligned robust coupling to plasmon whispering gallery modes in submicron spheres which utilizes their periodic arrangement and does not rely on nanopositioned external coupling devices. We map the full set of modes in such microspheres through their angular-dependent reflectivity and show that interaction between delocalized surface modes and localized WGM modes is crucial for efficient coupling. Control of the metal thickness in which the spheres are embedded allows the couplings to be tuned, as well as the properties of the plasmonic WGMs to be optimized. Plasmon hopping between neighboring spheres is also identified, forming minibands. Such localized plasmonic WGMs are useful in a range of applications such as sensors and microlasers, as well as novel matched emitters and absorbers. 
